ABSTRACT Energy consumption of computer numerical controlled (CNC) machines is one of the critical issues in the industrial community owing to the round-the-clock operation of these machines. Recently, there is a great demand for reducing energy consumption in various industries due to production costs and environmental factors such as global warming and climate change. For this reason, many researchers are focusing on reducing the energy consumption of industrial machines. In previous studies, feedback controllers with fixed gains have been designed to feed a drive system, whereby high control gains are set to enhance tracking performance. Contrarily, high control gains cause high consumption of energy, and this property was less concerned in the previous studies. By allowing adaptation of the control gains so that they change according to disturbance variations, energy consumption may be reduced. This paper focuses on energy saving in feed drive systems by using adaptive sliding mode control with a nonlinear sliding surface. Stability of the proposed control system is proved based on the Lyapunov stability theory, and the convergence of the system trajectory to the sliding surface is guaranteed. The effectiveness of the proposed method has been confirmed by simulation and experiment. The experimental results for a certain trajectory verified that the proposed controller could reduce the consumed energy by 3.4% on average and enhance the tracking performance by reducing the maximum tracking error by 45% on average. In addition to that, the control input variance could be reduced by 12.6%.
I. INTRODUCTION
Owing to limited reserve of nonrenewable energy sources and environmental factors such as global warming and climate change, energy sources must be used efficiently [1] , [2] . The industrial community, particularly manufacturing sector is estimated to deplete about one-third of world energy consumption [3] . Reducing energy consumption in industrial machines can reduce overall production costs and enhance industrial competitiveness. Because production machines, such as machine tools, operate continuously for a long time, even a small percentage of energy reduction can effectively lower production costs and reduce environmental damage
The associate editor coordinating the review of this manuscript and approving it for publication was Ning Sun. caused by energy generation systems. Feed drive systems generally take the highest percentage of motion systems in the industrial community. They are widely applied in CNC machines, industrial robots, and precision assembly equipments and so on. These applications are considered as one of the major sources of high-energy consumption because they run for a long time all over the world. Hence, the optimization of energy consumption in industrial machines is critical and it is increasingly attracting many researchers [4] - [12] .
Although several methods have been proposed in former studies for enhancing the motion of feed drive systems, great efforts were required for developing controllers to improve the tracking performance of each individual system [13] - [22] . Furthermore, responding to the demand for high-speed machining, recent studies concentrated on controllers that could improve the machining accuracy. Since machine tools are normally composed of linear motion segments, which limit the machine movement for certain geometries and thus compromises precision of machined parts, several studies came out with interesting methods for generating smooth trajectories and developing controllers for high-speed motions [23] - [25] . To meet these requirements, a survey of recent literature shows that sliding mode control (SMC) has been recognized as a sufficient tool to design robust controllers for complex high-order nonlinear dynamic plants operating under various uncertainty conditions [10] , [25] - [29] . It has many good features like invariance to matched uncertainty, robustness against perturbation, and simplicity in design. Adaptive nonlinear sliding mode control with a nonlinear sliding surface for feed drive systems was designed in [30] , and its effectiveness was verified.
Despite the previous studies, a comprehensive literature review in energy consumption modeling and energy efficiency evaluation for energy-saving in manufacturing is required owing to the fact that some related concepts are not clear and the precision models still need to be promoted in this field [1] . While some studies such as [2] focus on integrating machine selection and operation sequence for reducing energy consumption of machine tools, control design can be used as an inexpensive and effective approach towards energy saving while enhancing the machining accuracy. Simultaneous efforts to enhance tracking performance and reduce the energy required to operate industrial machines, especially feed drive systems, are the key motivation for this study.
In previous studies of our group, several methods for controlling feed drive systems were proposed including a novel sliding mode controller with a nonlinear sliding surface to reduce energy consumption in a ball screw feed drive system [31] . With the nonlinear sliding surface, the damping ratio of the control system can be changed from a low initial value to a high final value in order to achieve fast system response without overshoot, and hence better performance with less energy consumption are simultaneously achieved. The effectiveness of using a nonlinear sliding surface in reducing energy consumption by a feed drive system was proved, whereby energy consumption was reduced by about 12.9% in comparison to sliding mode control with a linear sliding surface. Despite the good performance of the controller proposed in [31] , its design needs a knowledge of uncertainty bound that practically could be a difficult task to know. In case that this bound is overestimated, it will yield the excessive gain, which implies higher control input magnitude that causes more energy consumption unnecessarily.
On the other hand, a sliding mode contouring control with a nonlinear sliding surface and a gain scheduling technique for feed drive systems was proposed in [32] . Through simulation analysis, the authors showed that this method could decrease the contour error by about 31.48% without any change in energy consumption in comparison to non-adaptive sliding mode control. Although the controller was considered as adaptive sliding mode control, the adaptive gain was defined by K c = ρS 2 m dt, where ρ is the positive scalar adaption rate and S m is the sliding variable [33] . This means that, the adaptive gain keeps increasing until the upper limit is reached. The problem with this adaptive law is that K c has an impact on the control input only during the reaching phase, but when the sliding variable is equal to zero (sliding phase), the adaptive law has no impact on the control input. Furthermore the author has not provided any analysis on how energy can be saved by using this method. In order to save energy in feed drive systems, not only the reaching phase but also the sliding phase should be considered when designing adaptive sliding mode control.
Based on the discussion above, in this study, design and experimental verification of adaptive sliding mode control (ASMC) using a nonlinear sliding surface for reducing energy consumption are proposed. The objective is to raise awareness of energy issues in feed drive systems and to elaborate the advantage of adaptive sliding mode control in reducing the energy consumption while providing satisfactory tracking performance. The stability of the proposed control system is proved by using the Lyapunov stability theory, whereby the system trajectories converge to the sliding surface. Simulation and experiments were performed to confirm the effectiveness of the proposed method and the results were compared to the controller in [31] , which is a nonlinear sliding mode control with no adaptation. It was shown that the proposed method achieved better performance by reducing energy consumption by 3.4% and tracking error by 46% with a trifolium trajectory. In addition control input variance was reduced by 12.6%.
The rest of the paper is organized as follows: A plant dynamics model of a typical X-Y table is presented in section II. Controller design and stability analysis are presented in section III. Section IV gives simulation and experimental results to validate the effectiveness of the proposed method followed by concluding remarks in section V.
II. DYNAMICS MODEL OF X-Y TABLE
The dynamics of a typical lead-screw feed drive based X-Y table is represented by the following decoupled second order system:
where M and C are the table mass and viscous friction coefficient matrices, respectively. d, f , and x are the disturbances to the system, the driving forces, and positions of the i th drive axis, respectively. Each drive axis has an attached servo motor that provides rotational motion and transmits it to a lead screw via a coupling, the rotation of the lead screw is transformed into linear movement of the table by the feed drive axes. The corresponding motor dynamics is represented VOLUME 7, 2019 as follows:
where N , θ, and H , represent the inertia matrix, the rotational angle vector, and viscous friction coefficient matrix of the motors, respectively. τ, K t , and i a are the torque vector required to drive the feed drive system, torque constant matrix, and input current vector, respectively. The relationships between f , τ, x, and θ are represented by the following equation:
where p i is the pitch of the i th drive axis. Equations (1), (2), and (3) lead to the following plant dynamics.
where J e and B e are the equivalent inertia and friction coefficients representing combined linear and rotary coefficients. The tracking error of the system is given as follows:
where x r is the desired position vector. The error dynamics of the feed drive system can be written as
III. CONTROLLER DESIGN
Designing an adaptive nonlinear sliding mode controller involves two steps: The first step is to select the sliding surface in which the system tracks a desired trajectory and the controlled dynamics is exponentially stable. The second step is to design a control law which drives the system to the desired sliding surface in a finite time.
A. SLIDING SURFACE DESIGN
To improve the control performance, a nonlinear sliding surface is employed [31] . Fig. 1 illustrates the step response of three different second order systems. System (a) has a large damping ratio, therefore the system response is very slow with larger tracking error and smaller energy consumption. In system (b) which has a small damping ratio, the system FIGURE 1. System response with different damping ratios. System (a) with high damping ratio, System (b) with low damping ratio, System (c) with nonlinear damping ratio.
response is very fast with a large overshoot which increases energy consumption. System (c) takes advantages of systems (a) and (b) such that the damping ratio is allowed to change from a low initial value to achieve fast response to a high final value to prevent the overshoot. This variable damping ratio is achieved by using a nonlinear sliding surface with which reduction of the energy consumption is achieved while maintaining the motion accuracy. The following nonlinear sliding surface is considered [31] :
where, λ i is the linear term of the sliding surface, it is chosen such that dominant poles have a low damping ratio. γ i is a positive definite matrix for adjusting the damping ratio, and ψ i is a non-negative differentiable function which changes the damping ratio of the system from its low initial value to a high final value as the output changes from its initial value to the desired value. Based on the nonlinear function presented in [34] for a step-type reference trajectory, ψ i in this paper is presented as follows:
where β i is the positive tuning parameter that determines the final damping ratio. If the system output is far from the desired point, the magnitude of ψ i becomes small, this provides a low damping ratio and speeds up the system response. On the sliding surface, that is when s = 0, we havė e = −Ae,
where A is not a constant matrix. To verify the stability of the sliding surface s = 0, the following Lyapunov function is considered:
20180 VOLUME 7, 2019 Substituting (9) into the time derivative of V leads tȯ
Since A is a positive definite matrix, the asymptotic stability is guaranteed.
B. ADAPTIVE CONTROL DESIGN
The control law is designed such that from any initial condition, the trajectory of the system is attracted toward the sliding surface. Based on the proposed sliding surface and the feed drive dynamics, the following control law is designed:
whereK is the adaptive gain and Q ∈ R 2×2 is a diagonal matrix with diagonal elements q i chosen from the maximum bound of the uncertainty as follows:
The adaptive law is chosen based on the idea in [35] as follows:
where i , α i , µ i , andk i are positive constants. The parameter µ i is introduced in order to obtain positive values fork i . Once sliding mode is established (|s i | < i ), the proposed gain adaptation law (14) lets the gaink i decrease. In other words, the gaink i will be kept at the smallest level that allows a given accuracy of stabilization of the sliding surface. This adaptation law maintains an adequate gain magnitude with respect to disturbances.
1) STABILITY ANALYSIS
The following Lyapunov function candidate is considered:
where k * i is an upper bound of the control gaink i so that
The time derivative of Lyapunov function in (15) is written as follows:
From the time derivative of the sliding surface in (7) and the adaption rule for the controller gaink i in (14), the timederivative of V i becomeṡ
Substituting Eqs. (6) and (12) into (17) leads tȯ
We consider the following two cases for the stability analysis.
• Case 1 When |s i | ≥ i as in the first condition in Eq. (14),
• Case 2 When |s i | < i as in the second condition in Eq. (14),
we haveV
and the system stability is guaranteed. 
IV. SIMULATION AND EXPERIMENT
To validate the effectiveness of the proposed method, simulation and experiment were conducted. A trifolium trajectory in Eq. (22) and Fig. 2 was used. Results were compared to sliding mode control without adaptation. In addition, the performance of the proposed method (ASMC) is compared to the one in [32] by simulation. where r is the radius and T is the total time to complete the trajectory. System and controller parameters are given in Tables 1 and 2 respectively. These parameters were used for both simulation and experiment.
A. EXPERIMENTAL SETUP
A typical biaxial lead-screw feed drive system (Fig. 3) was used for the experiment. The feed drive system comprises of a table that is coupled by two lead-screw drives, which are driven by DC-servo motors connected to each drive axis. Rotary encoders (equivalent resolution: 0.025 µm) were used to measure the actual position of the table. The velocity signal was calculated by means of numerical differentiation of the measured position. The control law was implemented using C ++ program on a personal computer with a sampling time of 5ms. Fig. 4 show simulation results of tracking performance. The initial tracking error is large because reference trajectory was implemented by typical G-code that generates constant velocity motion profiles. However, it could be seen that the ASMC achieved better tracking performance than the SMC. The ASMC reduced the average tracking error by 33%. The SMC** in Fig. 4 is the tracking error results when the gain adaptation law K c = ρS 2 m dt in [32] was used. The values of ρ and the upper bound for K c were set to 0.8 and 100 s −1 , respectively. It could be seen that ASMC yielded a better performance over SMC** because the proposed adaptive law varies according to the tracking error while the one [32] stays at the upper limit, as shown in Fig. 5 . Summary of simulation results are shown in Table 3 . 
B. SIMULATION RESULTS

C. EXPERIMENTAL RESULTS
In order to confirm the effectiveness of the proposed method in performance enhancement and energy saving, experiment was conducted for the trifolium trajectory. In the first case, the aim was to confirm the effectiveness of the proposed approach in reducing the tracking error by comparing the performance of ASMC to SMC. In this comparison, the same parameters were used for both controllers so as to conduct a fare comparison except the gainK , which is varying for the case of ASMC. However, the initial gainK for the ASMC was set at the same value to that of the SMC. The controllers' parameters in Table 2 were used in the experiment the same as simulation. Electrical energy consumption was measured by power Hi-tester (HIOKI 3334 AC/DC), and results were compared to those of SMC with no adaptation. The same experiment was repeated five times to ensure the repeatability of the proposed method. Fig. 6 shows the consumed electrical energy for five trials. In all trials the proposed controller (ASMC) consumed less energy than the SMC. The ASMC reduced the energy consumption by 3.4% for the trifolium trajectory. Experimental results for tracking errors and control input voltages are taken from 1s after the start of an experiment. Fig. 7 shows tracking error results in which the ASMC achieved better tracking performance than the SMC by reducing the average tracking error by 50% and 43.7% in X 1 and X 2 drive axes, respectively. Fig. 8 shows maximum absolute values of the tracking errors for five trials. Input voltage is shown in Fig. 9 whereby the proposed method has smoother input voltage than SMC, which has more chattering especially in X 1 -axis. The summary of experimental tracking performance and energy consumption results are shown in Table 4 and 5, respectively. In addition, the control input variance was calculated by the following equation:
where σ i is the standard deviation, u ij is the control input value at the j th sampling instant of the i th drive axis,ū i is the mean of all control input values of the i th drive axis, and N is the total number of the sampling instants. Fig. 10 shows the control input variance from which it can be seen that the proposed approach achieved smaller control input variance than SMC in both axes. From these results it is clear that ASMC achieves better performance than SMC. In the second case, we confirm the effectiveness of the proposed method in saving energy under similar tracking performance using the same trajectory. To achieve the similar tracking performance for both SMC and the proposed ASMC, the linear term λ i of the sliding surface was increased from 40 s −1 to 80 s −1 . Hereinafter, the SMC with raised linear-term gain is referred as SMC*. The experiment was repeated five times and results were compared to that of the proposed method. By increasing the linear-term gain, the total energy consumed by SMC* increased from the average of 74.6 to 83.1 mW h. Fig. 11 shows the energy results for the five trials in which the two controllers have similar tracking performance, and the SMC consumes more of energy. Fig. 12 shows the tracking performance for the two cases, case one for similar parameters while case two its where λ i was increased in SMC so 20184 VOLUME 7, 2019 as to achieve similar tracking performance as ASMC. The corresponding input signals are shown on Fig. 13 , where the control input for SMC has more chattering than that of ASMC. The control input variance for SMC* increased from 1.14 to 1.16V in X 1 -axis, and from 1.28 to 1.47V in X 2 -axis in comparison to the SMC. The proposed method (ASMC) achieved smaller input variance of 1.04V and 1.19V in X 1 and X 2 -axes, respectively.
V. CONCLUSION
In this paper, adaptive sliding mode control with a nonlinear sliding surface for precision motion and energy saving of feed drive systems has been proposed. Simulation and experiment were conducted to demonstrate the effectiveness of the proposed method in terms of energy saving and tracking performance enhancement in feed drive systems. Results were compared to that of sliding mode control without adaptation to evaluate the performance of the proposed one. Results show that the energy consumption, tracking error, and control input variance of the proposed controller were smaller than those of non-adaptive sliding mode control. The proposed controller could reduce the consumed energy by 3.4% for a trifolium trajectory. In addition, the tracking performance could be enhanced by reducing the maximum tracking error by 45%. In addition the proposed method achieved smaller control input variance by 12.6% in comparison to the SMC. Because we use a typical ball-screw based X-Y table for verifying the effectiveness, the proposed controller can be widely applied in various industrial systems.
